Recently, it has been proposed that all suppressive phenomena observed in the primary visual cortex (V1) are mediated by a single mechanism, involving inhibition by pools of neurons, which, between them, represent a wide range of stimulus specificities. The strength of such inhibition would depend on the stimulus that produces it (particularly its contrast) rather than on the firing rate of the inhibited cell. We tested this hypothesis by measuring contrast-response functions (CRFs) of neurons in cat V1 for stimulation of the classical receptive field of the dominant eye with an optimal grating alone, and in the presence of inhibition caused by (1) a superimposed orthogonal grating (cross-orientation inhibition); (2) a surrounding iso-oriented grating (surround inhibition); and (3) an orthogonal grating in the other eye (interocular suppression). We fitted hyperbolic ratio functions and found that the effect of cross-orientation inhibition was best described as a rightward shift of the CRF ('contrast-gain control'), while surround inhibition and interocular suppression were primarily characterised as downward shifts of the CRF ('response-gain control'). However, the latter also showed a component of contrast-gain control. The two modes of suppression were differently distributed between the layers of cortex. Response-gain control prevailed in layer 4, whereas cells in layers 2/3, 5 and 6 mainly showed contrast-gain control. As in human observers, surround gratings caused suppression when the central grating was of high contrast, but in over a third of the cells tested, enhanced responses for low-contrast central stimuli, hence actually decreasing threshold contrast.
Introduction
The involvement of inhibition in the generation of a number of characteristic properties of neurons in the primary visual cortex (V1) has long been recognised; however, the mechanisms underlying those inhibitory phenomena are far from being fully understood.
Intracortical inhibition was first implicated in mediating direction selectivity [1 -3] as well as orientation selectivity [4, 5, 3] . Evidence for sharpening of cortical orientation tuning by inhibition at non-optimal orientations has come from a number of pharmacological studies. They involved local blockage of k-amino butyric acid (GABA)ergic inhibition [6] [7] [8] or inactivation of neurons in nearby regions of cortex with orientation preferences differing from that at the recording site [9, 10] . Correspondingly, neuronal responses to a drifting grating of optimal orientation are suppressed when a second grating is superimposed within the classical receptive field itself: inhibition is probably similar in magnitude for all orientations of the superimposed grating [11] . However, since excitation dominates for stimuli near the optimal orientation, this form of inhibition is most evident for orthogonal superimposed gratings and hence has been called cross-orientation inhibition [12, 13] .
Surround suppression from regions outside the classical receptive field (end-zones and/or sidebands) con-tributes to length tuning [14, 15] and orientation selectivity [4, 5, 16] . End-inhibition is at least partly GABAmediated [17] . It appears to depend both on vertical connections within V1, in particular from layer 6 to 4 [18, 19] , and on corticogeniculate feedback [20] .
Most recently, interocular suppression has been described. For a majority of neurons in cat V1, the response to an optimal grating shown to the dominant eye is suppressed if a grating of a very different orientation [21, 22] or spatial frequency [23] is introduced in the other eye. This phenomenon may well be the physiological correlate of perceptual suppression during binocular rivalry [22] .
From a theoretical point of view, there are two possible mechanisms of inhibition distinguished by their different effects on neuronal responses. Firstly, the strength of inhibition could simply depend on the strength of the response of the neuron receiving the inhibition, irrespective of the stimulus that evoked it. The ratio of suppressed to unsuppressed response would then be contrast-invariant. This could be achieved through recurrent inhibition and might provide a mechanism of self-calibration [24] . Alternatively, inhibition could be stimulus-dependent, mediated through inputs from cells that display particular stimulus specificities. For stimuli that elicit inhibition, its strength would be expected to depend on the strength (specifically, the contrast) of the inhibiting stimulus [25] . For stimuli eliciting excitatory responses in the presence of such inhibition, the threshold contrast should increase with the contrast of the inhibitory stimulus.
It has been postulated that all inhibitory phenomena observed in V1 might be explained in terms of 'universal inhibition' in which each cortical cell is suppressed by a pool of surrounding neurons within a certain distance [26, 25] . Originating from such a large number of cells, inhibition would be expected to exhibit much broader tuning (e.g. for orientation and spatial frequency) than excitatory inputs to the receiving cells. Broad tuning for orientation and spatial frequency has indeed been described for the so-called cross-orientation inhibition [26, 11] as well as for surround inhibition [27, 28] and interocular suppression [22, 23] .
According to the 'universal inhibition' model formalised by Heeger [25] , normalisation of responses in V1 is achieved by dividing the output of each cell, E i (t), by the sum of the outputs of all cells in a given pool:
where | 2 is the so-called semisaturation constant. Such normalisation appears to be fundamental to sensory cortical function as a way of compensating for the limited dynamic range of neuronal responses. The model predicts that non-specific suppression is equivalent to divisive contrast-gain control. Functions relating response to the log contrast of the excitatory stimulus contrast-response functions (CRFs) should be shifted rightwards along the log contrast axis, the magnitude of the shift being dependent on the strength, i.e. contrast of the suppressive stimulus (Fig. 1A) . Such a shift of contrast gain has been described for cross-orientation inhibition by Bonds [26] , although not by Morrone et al. [13] . The same kind of rightward shift of the CRF has been observed when cells are adapted to drifting gratings of various contrasts and CRFs were measured for each adapting contrast [29, 30] . However, studies involving iontophoresis of the GABA antagonist bicu- Fig. 1 . Schematic diagrams of two different effects that a suppressive stimulus may have on the CRF of a visual cortical neuron, plotted on log -lin coordinates (A), and on log -log coordinates (B). In each case, the solid line represents the unsuppressed CRF, the dashed line suppression by pure contrast-gain control (i.e. a rightward shift along the log contrast axis, arrow marked a) and the dotted line suppression solely based on response-gain control (i.e. a pure downward shift on log -log axes, arrow marked b). In our analysis, we generally avoid the terms 'divisive' and 'subtractive' inhibition because they have been used inconsistently in the past.
where L max and L min are the maximum and minimum luminances in the pattern.
culline suggest that orientation-selective inhibition is GABA A -mediated [7, 8] , while contrast adaptation is not [31, 32] . We use the term contrast-gain control solely to describe horizontal shifts of CRFs, irrespective of any underlying circuitry that is likely to differ between contrast adaptation and cross-orientation inhibition.
In contrast to cross-orientation inhibition, interocular suppression appears to be characterised by a reduction in the slope of CRFs. On log -log axes, this corresponds to a downward shift along the ordinate (the log response axis, Fig. 1B ) rather than a horizontal shift [21, 33, 22] . This behaviour would be indicative of response-dependent inhibition. Fig. 1 illustrates how pure contrast-gain control and pure response-gain reduction, respectively, would affect CRFs, on log -lin (x -y) and log-log axes.
Here we quantitatively analyse the different effects that cross-orientation and surround inhibition, and interocular suppression, have on CRFs of cat V1 neurons. We further examine whether the different mechanisms that we observe are reflected in differences in the temporal pattern of firing (bursting versus regular spiking). Some of the data have been presented in abstract form [34, 35] .
Methods

Data collection
Data presented here were obtained from eight normal adult cats bred in a closed laboratory colony. The procedures for recording, visual stimulation and data collection are described in detail elsewhere [33, 22] . Anaesthesia was induced with ketamine hydrochloride (15 mg/kg), plus xylazine hydrochloride (0.8 mg/kg; Rompun, Bayer) for relaxation. Following tracheal cannulation, the animal was artificially ventilated and anaesthetised with a mixture of nitrous oxide (55 -65%) and oxygen (35-45%) plus halothane (2 -2.5% during surgery, 1-1.5% during recording). Respiration rate and volume were adjusted to maintain end-tidal CO 2 at 4.5%. During recording the animal was paralysed with a continuous i.v. infusion of gallamine triethiodide (10 mg/kg per h) in glucose-saline. EEG and ECG were constantly recorded to monitor the state of anaesthesia. Body temperature was kept at 38°C. The pupils were dilated with atropine hydrochloride, and the lids and nictitating membranes retracted with phenylephrine. Gas-permeable contact lenses of + 3 D were fitted and 3-mm artificial pupils were placed in front of the eyes, as well as additional lenses to correct focus for a distance of 57 cm.
The cat viewed, via front-silvered mirrors, a pair of high-resolution oscilloscope screens (Tektronix 608; display size, 11 × 10 cm), on which stimuli were presented independently to the two eyes. Drifting, sinusoidally modulated gratings (mean luminance, 21 and 42 cd/m 2 for binocular and monocular stimulation, respectively) were generated by a 'Picasso' (Innisfree) image synthesiser. External stimulus control, data acquisition and analysis were carried out by a Visual Stimulation software package ('VS', Cambridge Electronic Design).
We recorded extracellularly from cells throughout the depth of V1, in the region representing the centre of the visual field. For each neuron we first determined monocular tuning curves for orientation/direction of movement and spatial frequency. Cells were classified as simple or complex based on Fourier analysis of their responses [36] . For subsequent measurements, response amplitude was defined as mean (DC) response for cells of both types.
The display screen was centred on the receptive field of the dominant eye. Small circular patches of drifting grating, of optimal orientation and spatial frequency, were displayed in a matrix of positions, and the position of the screen adjusted until the central grating patch produced the largest response [28] . Then, the size of the classical receptive field was determined by pseudorandomly varying the diameter of a grating patch of optimal orientation, direction of drift and spatial frequency (at a Michelson contrast of 0.2), centred on the receptive field. The diameter beyond which the response increased no further was taken as that of the 'minimum response field' [37] or response field [28] . CRFs under control and suppressed conditions were measured as follows. The contrast c of a circular grating patch ('test stimulus', optimised for orientation/direction, spatial frequency and size), precisely covering the response field in the dominant eye, was varied in a randomly interleaved series 1. in the absence of any other stimulus; 2. in the presence of an orthogonally oriented grating patch (identical in size and spatial frequency), superimposed on the first, so as to elicit cross-orientation inhibition; 3. in the presence of an iso-oriented, coaxially aligned grating of the same spatial frequency, filling the surround of the first in an annular fashion, so as to elicit surround or end-zone inhibition [28] ; or 4. in the presence of an orthogonally oriented grating patch (identical in temporal frequency of drift, size and spatial frequency to that in the dominant eye), centred on the receptive field in the non-dominant eye [22] . For condition 2 (superimposed gratings), the maximum permissible contrast of each independent grating was 0.5, to avoid overmodulation in regions of summation of the two patterns. In fact, the maximum contrast used in both this condition and condition 3 (surround stimulation) was 0.4. Contrasts up to 0.8 were employed for binocular stimulation (condition 4).
Suppressive stimuli in conditions 2 -4 were presented simultaneously with the test stimuli for a period of 1.25 s (drift rate, 4 Hz) or 2 s (drift rate, 2 Hz); they were of fixed contrast, usually 0.4 in conditions 2 and 3 and 0.9 in condition 4. (For some cells, whose responses were virtually zero in the presence of a high-contrast crossoriented or surrounding grating, the suppressive stimulus in conditions 2 and 3 was of 0.1 contrast.) Measurements under conditions 2 -4 were each randomly interleaved with the control condition 1; control stimuli had the same space-averaged luminance as the suppressive stimuli. Mean response rate R and standard error of the mean (S.E.M.) for each condition were calculated from at least five trials.
Cur6e fitting
Contrast-response data obtained under the control, unsuppressed condition were fitted by a hyperbolic ratio function,
where R max is the maximum attainable response, c 50 the contrast that elicits the half-maximal response, and b the cell's spontaneous activity. (We chose this function because it provides the best description of CRFs known to date and is most widely used [38, 25, 39, 32, 40] .) After subtraction of b from the response R i , parameters R max , c 50 and n were optimised such that the summed square of the difference between actual response and response as predicted from the fit (Rfit i ), divided by the standard error of the response, SEM i , was minimised.
For the optimisation we chose the Nelder -Mead simplex method because of its robustness [41] ; the fit criterion was to minimise k 2 [42] . To prevent overfitting to the points on the curve where no firing was observed, all standard errors smaller than 0.1 were set to 0.1 (thus avoiding infinite k 2 -values for curves containing one or more data points with zero standard error). R max , c 50 and n were constrained to be positive. As it is easier to carry out an unconstrained search in the space [− , + ] than a search constrained in [0, + ], we searched in an exponentially transformed parametrisation of the problem. The number of degrees of freedom k for the unconstrained fit was (number of data points −3).
Cells with c 50 50.5 and 1B n B10 in the control condition (i.e. cells that showed characteristically sigmoidal CRFs) were included for further analysis. Only a small proportion of neurons that did not meet these criteria were excluded (Section 3). For the data obtained under each of the suppressed conditions, we then assessed how well suppression could be described by variation of each one of the three free parameters individually. Curves were fitted by successively varying either R max (reflecting response-gain control) or c 50 (corresponding to contrast-gain control) or n, while holding the other variables constant at the values calculated from the unsuppressed condition. The number of degrees of freedom k for these constrained fits was (number of data points − 1). For each variable, the fit was optimised as above; the value that gave the best fit and the goodness-of-fit ( 2 ) were recorded. Relative contributions of changes in either of the fit parameters to the overall suppressive effects were assessed by comparing the 2 -values that had been obtained for each of the parameters individually.
Results
Out of 69 neurons tested, 59 showed cross-orientation inhibition. Responses in the presence of the orthogonal-to-optimum grating were reduced significantly (PB 0. 
Cross-orientation inhibition
For 40 of the 48 cells analysed (83%), the effect of cross-orientation inhibition on the CRF was best described (i.e. the smallest 2 was obtained) as an increase in the contrast c 50 that yielded the half-maximal response. In seven cases (15%), a reduction in R max yielded a slightly better fit (i.e. a smaller 2 ) than an increase in c 50 , in just one case, a reduction in n gave the best fit. In other words, for the vast majority of cells, cross-orientation inhibition caused a rightward shift of the CRF. This is exemplified in Fig. 2 for a complex cell recorded in layers 2/3. A number of conclusions can be drawn from the raw data points, without curve-fitting. Inhibition is clearly associated with an elevation of contrast threshold, by more than two octaves, and the suprathreshold data points are indubitably shifted to the right by about the same amount. The steepness of the CRF under inhibition is therefore cross-orientation inhibition very poorly. (We also considered a simple sum of the CRFs of all 48 neurons, which may be thought to represent the input for cells at the next higher stage of processing: the resulting curves were very similar to the normalised population response curves that are shown in Fig. 3.) 
Surround inhibition
The effects of a grating at the cell's optimal orientation, surrounding the classical receptive field, were more complex. Notably, the inhibitory effect on the response to an optimally oriented central grating was best characterised as a definite rightward shift of the CRF along the contrast axis for only four out of 25 neurons (16%). (DeAngelis et al. [27] reported a similar change in contrast gain as a result of end inhibition in a single complex cell. We observed an exclusive rightward shift of the CRF under surround inhibition for just one cell in our sample, a layer 2/3 simple cell.) For most cells, the shift of threshold contrast was small, leaving responses over a sufficient range of contrast in the inhibited state to define the saturation plateau. In 12 neurons (48%), such as the layer 2/3 complex cell illustrated in Fig. 4A , this plateau was clearly depressed, and the best hyperbolic ratio fit was obtained with a reduction of the maximum response, R max . It should be noted that, for many cells, the suppressed CRF displayed some degree of rightward shift as well as a reduction in the maximum response. The relative contributions of both kinds of gain control to the responses of individual cells will be considered below (Section 3.4).
unaltered. Because of the substantial rightward shift, the response had not saturated at the highest contrast that could be tested (0.4, see Section 2), which limits the data constraints on any curve-fitting procedure. In this case the hyperbolic ratio function fitted to the inhibited curve was constrained to the same R max as that derived from the control data. Although this seems a reasonable procedure, it is important to emphasise that any function providing a reasonable fit to the actual data would certainly confirm a simple lateral shift.
Furthermore, we pooled data from all 48 cells to examine the 'population response' to cross-orientation inhibition. We normalised, for each cell, the suppressed and control curves with respect to the extrapolated peak response (i.e. the plateau of the CRF, R max ) under the control condition, which was set to one, and subsequently averaged all the data. The resulting CRFs are displayed in Fig. 3 . The best fit of the unsuppressed curve ( 2 =0.097) was obtained with R max =1.072, c 50 =0.118 and n=1.465. (Note that due to the variation in c 50 from cell to cell, the population n is much lower than the average n for individual cells, resulting in a wider dynamic range for the population response than for single neurons.) Again, the transition from the unsuppressed to the suppressed condition was best explained as an increase of the semisaturation contrast: we obtained 2 = 2.49 for c 50 =0.308 (when leaving the other parameters unchanged). Thus, cross-orientation inhibition yielded, on average, a contrast threshold increment of factor 2.61 or 0.42 log units (Fig. 3) . By comparison, the best possible fit for pure response reduction (R max =0.618; 2 =24.9) or a change of the power n (n= 1.263; 2 =142.3) described the effect of For the sum of the population of cells that displayed surround suppression, normalised to R max as above, the CRF under the control condition was best fitted ( 2 = 0.150) with parameters R max = 1.059, c 50 = 0.119 and n= 1.541. The effect of the inhibitory surround was best described as a reduction in R max to 0.710 ( 2 = 3.98), which represents a reduction of response-gain by 33%. However, this fit adequately described only the responses to relatively high-contrast central gratings (Fig. 5A) . Constrained fits for the remaining two parameters yielded much higher 2 -values, namely 17.3 for an increase in c 50 to 0.234 and 52.9 for a decrease in n to 0.920 (which however accounted quite well for the responses to low-contrast stimuli). On the basis of the To our surprise, nine neurons (36%) displayed primarily a reduction in the steepness of the CRF or sensitivity, corresponding to a change in n, with little change in c 50 or R max . This meant that while responses to high-contrast central gratings were reduced by the presence of a (high-contrast) surrounding grating, responses to low-contrast central gratings were augmented and contrast threshold was actually decreased. The most extreme case is illustrated in Fig. 4B , where an excellent fit to the suppressed curve was achieved by reducing n from 2.69 (in the control condition) to just 0.37. goodness of fits for the individual cells, we also considered a fit where only c 50 was fixed and R max and n were varied. The optimal parameter combination in this case was R max = 0.739 (gain reduction, 30%) and n = 1.163. This fit ( 2 = 0.41) described the effect of surround inhibition very well (Fig. 5B) . This implies that surround inhibition is best characterised as a reduction in response that is proportional to the response itself (plus a reduction in the steepness of the CRF), rather than by the lateral shifts in CRF seen for cross-orientation inhibition.
Interocular suppression
The paradigm used in this study, with simultaneous onset of an optimal stimulus in the dominant eye and an orthogonal grating in the other eye, is not optimal for eliciting interocular suppression [21] . However, it was preferred over asynchronous onset (which produces stronger suppression) because the 'adaptation' or 'fatigue' produced by preceding stimulation of the dominant eye alone would itself affect the CRF [29, 30, 43] . Nevertheless, with a grating of high contrast (0.9) presented to the non-dominant eye, a majority of the cells tested showed significant interocular suppression, at least for some contrasts of the grating in the dominant eye.
In agreement with our previous observations [33, 22] ), we found that for 20 out of 36 cells (56%), interocular suppression was best characterised as response-gain control, i.e. a reduction in R max . This behaviour is exemplified for a layer 4 simple cell in Fig. 6A . For another 15 cells (42%), the best fit was obtained by raising c 50 (Fig. 6B) , and for just one cell by reducing n. As was the case for surround inhibition, a combination of response-gain control and contrast-gain control appeared to operate in many cells, as reflected in similarly good fits obtained for either model (see Section 3.4) .
For the population of cells that displayed interocular suppression, the CRF under the control condition, after normalisation for R max , was best fitted ( 2 =0.170) with parameters R max = 0.977, c 50 =0.121 and n =1.760. The suppressive effect was best characterised as a reduction in R max to 0.654 ( 2 =6.29), which represents a responsegain reduction by 33% (Fig. 7A) . Constrained fits for the remaining two parameters yielded double the 2 -value (12.2) for an increase in c 50 (to 0.287) and a much higher 2 -value (83.4) for a decrease in n (to 1.005). As there was clearly an element of a contrast threshold increment in the CRFs of individual cells as well as for the population response, we also calculated a fit, where only n was fixed and R max and c 50 were varied. The optimal parameter combination in this case was R max =0.748 (response-gain reduction, 23%) and c 50 =0.181 (contrast threshold increment by factor 1.49, or 0.17 log units): this fit described the effect of interocular suppression very well ( 2 =0.08; Fig. 7B ). Interocular suppression, like surround inhibition, causes primarily a proportional response reduction. In that respect, both phenomena differ fundamentally from cross-orientation inhibition, arguing against a common cortical inhibitory mechanism.
It is important to note that individual cells tested with two or three of the inhibitory protocols usually showed different response types under the different paradigms. A striking example of a layer 2/3 simple cell is shown in Fig. 8A . This neuron exhibited contrast-gain control (with an increase of c 50 by 2.7 octaves) under cross-orientation inhibition, whereas interocular suppression for the same cell was best described as response-gain control (with a reduction of R max by 35%).
Overall, 20 cells were tested quantitatively under both paradigms: for nine of them, cross-orientation inhibition was best characterised as a rightward shift of the CRF, while they showed predominantly response reduction under interocular suppression. The remaining 11 cells displayed the same type of gain control under both conditions. The layer 2/3 complex cell illustrated in Fig.  8B also showed contrast-gain control under cross-orientation inhibition, while surround stimulation caused some elevation of responses at low centre contrasts and a marked reduction of the saturation response level at higher centre contrasts (decrease of R max by 51%). A similar behaviour was observed for another six out of 12 neurons tested under both of these paradigms. 
Contrast-6ersus response-gain control in the three inhibitory paradigms
We were interested in the relative contributions of contrast-gain control and response-gain reduction to the overall inhibition in all three stimulus paradigms, as a combination of both mechanisms appeared to operate in many individual cells (see above). We therefore calculated, for each cell, the log ratio of the 2 -values of the best fits obtained under the assumption that one of them was solely responsible for the inhibition observed. (The ratio of 2 -values will be F distributed. We display log(F) since, for the null hypothesis that the two fits are equally good for the three paradigms, this distribution will be symmetrical about zero.)
The mean log 10 ( 2 , best-fitting R max )/( 2 , best-fitting c 50 ) for cross-orientation inhibition was 0.444 ( 90.069, S.E.M.); thus, a pure rightward shift yielded a fit that was 2.7 times as good as for a percentage response reduction (geometrical mean). The distribution of log ratios for all 48 cells is given in Fig. 9A ; it is clearly unimodal.
For surround inhibition we did the same calculation, although for nine out of 25 cells neither of the fits was as good as that obtained by changing n (see above). The mean log ratio of the 2 -values for the best-fitting R max and c 50 was − 0.095 (90.061, S.E.M.) for all 25 cells, and − 0.106 (9 0.089, S.E.M.) when excluding the nine aforementioned cells. In the case of interocular suppression, the mean log ratio of the 2 -values for the best-fitting R max and c 50 was −0.073 (9 0.085, S.E.M.), averaged over 36 cells. The distributions of the log ratios for surround and interocular suppression are shown in Fig. 9B and Fig. 9C , respectively. The distribution of log ratios was significantly different (P B 0.001) for cross-orientation inhibition compared with surround inhibition and interocular suppression, but not between the latter two. However, the distribution was wider for interocular than surround suppression: with interocular suppression, individual cells tended to display either response-or contrast-gain control while with surround inhibition most cells showed a mixture of the two (as well as a decrease in n).
Layer-specific occurrence of contrast-and response-gain control
We wondered what might account for the fact that different cells reacted in different ways to one particular type of suppressive stimulus. For all three stimulus paradigms, we analysed the types of inhibition, according to layer and cell type. The results are summarised in Table 1 . All modes of interaction were observed for both simple and complex cells and were found in all layers of the cortex. However, response-gain (R max ) reduction was seen much more frequently among simple cells in layer 4 than in any of the other groups of cells, where contrast-gain (c 50 ) control generally prevailed. This difference was particularly obvious for the population of cells that displayed interocular suppression. Seven out of eight layer 4 simple cells (88%) Fig. 9 . Comparison of the relative contributions of contrast-and response-gain control to cross-orientation inhibition (A), surround suppression (B) and interocular suppression (C). The log ratios of the 2 -values that were obtained for the best-fitting R max (assuming pure response-gain control) and for the best-fitting c 50 (assuming contrastgain control) were calculated and their distributions for each of the three paradigms were plotted as histograms: ratios B0 signify that gain changes were better characterised as a reduction in R max ; ratios \ 0, as an increase in c 50 . Shaded bars signify cells for which the best fit (lowest 2 ) was obtained for a decrease in n. 9  0  12  2  2  3  7  9  Simple  2  3  1  1 2  31  1  36  10  2  6  4  1 8  Complex  11  13  0  24  22  1  27 
For each of the three stimulus conditions, the columns headed R max , c 50 and n give numbers of cells for which suppression was best characterised as a change in the respective parameter; the column headed S shows the total number of cells in each class or layer. Numbers of layer 4 simple cells are given in brackets below those for all layer 4 cells.
exhibited suppression that was better fitted by a reduction in R max than by an increase in c 50 (mean log ratio of the fits for R max and c 50 , −0.333 9 0.291 S.D.). However, the reverse was true for half of the remaining 28 cells (mean log ratio of the fits, − 0.001 90.101 S.D.).
Effects of inhibition on temporal firing patterns
It has been reported that inhibition affects not only the mean responses of cortical neurons but also their temporal firing patterns, in particular the probability of spikes occurring in bursts [44] . We wondered whether different inhibitory paradigms (cross-orientational, surround or interocular), and the various gain control mechanisms that we observed, differ in that respect. We compared inter-spike interval (ISI) histograms (where the mean firing rate at a particular test contrast in the control condition was of a similar magnitude, within 5% to that at a higher test contrast during inhibition). We examined the relative prevalence of burst-firing versus regular spiking by counting the occurrences of ISIsB8 ms (a criterion used by Bonds [44] , to define bursts of spikes). In about one-third of cells, shorter ISIs (B 8 ms) were less frequent in the inhibited response than in the uninhibited response of the same amplitude (Fig. 10) , regardless of cell type, mode of gain control or inhibitory stimulus. In other words, decreasing the mean responses of a cell by adding an inhibitory stimulus of any kind was more likely to reduce the number of spikes fired in bursts than decreasing the mean response by simply reducing the contrast of the excitatory stimulus. Bonds [44] showed that the reduction in response caused by rotating an excitatory stimulus away from the optimal orientation (which presumably increasingly engages the cross-orientational inhibitory mechanism) is also characterised by a specific decrease in burstfiring.
Discussion
Quantitative analysis of responses of cells in cat V1 revealed that, contrary to previous suggestions [26, 25] , suppressive phenomena cannot all be accounted for by a single universal mechanism. Cross-orientation inhibition is generally manifest as an increase in the semisaturation contrast, as shown by Bonds [26] . Such contrast-gain control is consistent with stimulus-(contrast-) dependent response normalisation [25] . However, for both surround and interocular suppression, the inhibitory effect was better described as a decrease in the maximal attainable response. This response-gain control is more consistent with a 'self-calibration' mechanism, where the amount of inhibition depends proportionally on each inhibited cell's individual response rather than on the excitatory stimulus contrast [24] . On the other hand, the apparent similarities in terms of stimulus specificity (or lack thereof) would strongly suggest that the three types of inhibition share at least part of their underlying circuitry.
Neural substrates of inhibition in V1
Intracortical lateral inhibitory interactions, mainly in the superficial layers of V1, may mediate the sort of contrast-gain control that characterises cross-orientation inhibition and which was also observed, especially outside layer 4, as a component of surround and interocular suppression. Local inhibitory connections are known to be relatively diffuse, deriving from a pool of neurons that collectively are rather non-specific for stimulus parameters such as orientation [45, 46] . They could originate from both the immediate vicinity of the suppressed cell (as may be the case for cross-orientation inhibition) and from outside the classical receptive field (with surround inhibition) or across ocular dominance columns (mediating interocular suppression [22, 23] ).
By comparison, response-gain control was apparent from an earlier stage, namely layer 4, onwards, for surround and interocular suppression. Notably, interocular inhibition in the LGN is also characterised mainly by a reduction in responsiveness, with little or no change in contrast sensitivity [47] , just as for the majority of cells in layer 4 of the cortex. This suggests that response-gain control might already be implemented at a subcortical level and that it might simply be conveyed to V1 by the afferent activity. Alternatively, inhibition in layer 4 could be mediated by intralaminar connections or by the very substantial projection from layer 6, which could provide recurrent inhibition. Recent anatomical work has shown that the majority of inputs to spiny stellate neurons [48] and basket cells [49] in layer 4 of cat V1 derive from layer 6 pyramids rather than thalamic afferents. As far as surround or end-inhibition is concerned, both an inhibitory input from layer 6 cells with very long receptive fields as well as an excitatory drive from layer 6 cells with short receptive fields appear to contribute to length selectivity in layer 4, which is then transmitted to the upper layers of V1 [18, 19] .
The different distributions of occurrence of responsegain and contrast-gain control seem consistent with the notion that different populations of cells mediate them. Additional support for this view comes from a recent analogous finding in V1 of the bush baby, Galago. Allison and coworkers [50] showed that reversible inactivation of either the parvo-(P) or magnocellular (M) layers of the LGN, by GABA injection, had differential effects on CRFs of cortical neurons: elimination of the M cell input resulted predominantly in a rightward shift of CRFs while inactivation of P cell input led to a percentage decrease in responsiveness.
In summary, it would appear that response-gain control prevails in the LGN and among simple cells in layer 4, either relayed by thalamic afferents or recurrent inhibition, whereas contrast-gain control may depend on further intracortical integration. At this point, it remains to be shown whether contrast-gain control in supra-and infragranular layers can arise from integration of afferent inputs of cells that exhibit response-gain control, or whether such behaviour relies on lateral interactions between large numbers of cells that are tuned to a wide range of orientations, spatial frequencies, etc. [25] .
Temporal patterns of firing
For the majority of cells, the temporal distribution of firing apparently remains unchanged by suppressive stimuli [35] . However, in about a third of the cells that we studied, suppression of any kind affected the firing pattern such that the incidence of short ISIs, i.e. high firing rates or burst firing, was relatively more strongly reduced than that of medium and long ISIs, or low firing rates. Bonds [44] has reported a similar phenomenon for responses to stimuli of non-optimal orientation: the number of spikes per burst is lower when a neuron responds to a high-contrast grating of non-optimal orientation than when it responds (at similar mean rate) to a lower-contrast grating of optimal orientation.
High-frequency bursts may be especially important in stimulus encoding. Certainly they are more likely to provide suprathreshold drive of postsynaptic target cells, through more efficient temporal summation [44] . Therefore, if inhibition does indeed selectively reduce the probability of high-frequency bursts, it could have an influence on the encoding of information out of proportion to the reduction in overall firing rate-the effects of inhibition may be amplified at subsequent neurons in the processing network.
Relation of modes of gain control to human perception
What would be the benefit of different modes or, more precisely, two stages of cortical gain control? Response-gain control offers a simple mechanism of proportional response reduction at any stimulus contrast. As response threshold does not change and the variance of responses does not increase under inhibition (Fig. 4A and Fig. 6A ), information regarding presence or absence of a stimulus is preserved, while the suprathreshold gain (response change/change in contrast) decreases. On the other hand, contrast-gain control implies an increase in threshold, with no change in suprathreshold gain.
Superficially, the complete perceptual 'blanking' of one eye that occurs in binocular rivalry appears incompatible with the modest effects of interocular suppression on both contrast threshold and responsiveness (Fig. 7) . However, in rivalry, the detection threshold of the suppressed eye for a range of stimuli is elevated by only about 0.2-0.3 log units [51 -53] , similar to the shift in extrapolated threshold under interocular suppression that we saw for many cells outside layer 4. Also, the fact that alternation of eye dominance in rivalry can be elicited by small contrast increments [52] implies that the information from the suppressed eye is not completely lost or inaccessible. The balance of reciprocal inhibition between cells driven by one or the other eye's stimulus may depend on gating of afferent inputs that are only 'scaled down' during binocular rivalry suppression but not blanked out altogether.
The perceived contrast of gratings presented in different contexts has been the subject of a number of studies. First, Campbell and Kulikowski [54] showed that detection threshold increases by up to 1.5 log units when a masking grating of the same orientation is superimposed on a test grating. Snowden and Hammett [55] found that after adaptation to a horizontal grating, the contrast of a vertical test grating was seen to be reduced by a factor that was constant over a wide range of contrasts. However, the perceived contrast of a horizontal test grating was reduced by a constant amount, i.e. the loss of contrast appeared most dramatic at low test contrasts and was small in relative terms at high test contrasts (see also [56] ). Although we measured inhibitory effects during simultaneous stimulation rather than following adaptation, the fact that we too saw a contrast-gain reduction for cross-oriented (superimposed) gratings and a response-gain change with iso-oriented (centre-surround) gratings is noteworthy. However, the distinct elevation of contrast threshold (by about 0.4 log units) that we saw under conditions of cross-orientation inhibition (Fig. 3) remains puzzling in view of the fact that the psychophysical threshold for the detection of a test grating is virtually unchanged in the presence of an orthogonal masking grating of high contrast [54] .
Knierim and van Essen [57] , Toth and colleagues [58] , and Levitt and Lund [59] have also reported that a particular surround stimulus can either facilitate or suppress the response to a central stimulus, depending on the contrast of the latter. This may have a psychophysical equivalent in the way that the apparent contrast of a circular central grating patch depends on its contrast relative to that of a surrounding grating [60, 61] . A recent study of visual evoked potentials also provides neurophysiological evidence for the contrastdependence of spatial interactions in human visual cortex [62] , which are likely to be at least partly mediated by long-range horizontal intracortical connections.
A number of recently developed models predict precisely such a behaviour [63, 64] . Surround stimulation might activate long-range excitatory projections that both excite and (via local interneurons) inhibit cells that respond to the central grating. However, the central grating will also elicit local excitation and inhibition from the same and immediately surrounding cortical columns. The response non-linearity that is reflected in the reduced steepness of the CRF in the presence of surround gratings could be achieved, if both contrast threshold and gain are higher for local inhibitory than for local excitatory inputs [64] . At high contrasts of the central stimulus the centre-generated inhibition may outweigh the weak long-range excitatory drive from the surround stimulus, assuming that local inhibition grows faster with increasing centre contrast than does the excitatory input. But at low centre contrasts, inhibition may be sub-threshold, allowing the surround to facilitate the response. Our observation [28] that the size of the response field for a single grating appears to increase at low contrasts is in agreement with this assumption.
